A three-dimensional numerical model that couples the electric field, velocity field, and temperature field is developed based on the commercial code COMSOL Multiphysics. The influences of several factors on convective heat transfer on a heated plate in the electric field generated by a needle electrode are observed. The factors are the applied voltage, the distance between the two electrodes, and the size of the ground plate. The results show that applied voltage is one of the most important factors for the convection heat transfer. The convection heat transfer efficiency significantly increases with the improvement of the applied voltage. From the perspective of the model size, the decrease of the distance between two electrodes and the size of the plate could improve the average convection heat transfer coefficient. Smaller ionic wind device needs lower applied voltage and less electric energy to obtain the same average convection heat transfer coefficient as the bigger one, which provides the theoretical basis for the potential of miniaturizing the ionic wind cooling device.
Introduction
Air is widely applied as heat transfer medium due to its abundant amount and safety, but at the same time it is also a medium with poor heat transfer performance. Great efforts have been made for the enhancement of heat transfer for air. A method called ionic wind cooling which introduces the electric field to the enhancement of air convection heat transfer attracts many researchers' interests recently. Ionic wind cooling is a technology based on the electrohydrodynamics (EHD) theory. By applying high-voltage electric field between a sharp electrode and a grounded surface in the air, molecules in the air are ionized and the positive ionized air molecules are accelerated by the electrostatic force. Then they transfer their kinetic energy to the neutral air molecules by collisions, thus leading to a movement of airflow. The advantages of ionic wind cooling include convenient control, low energy consumption, no moving parts, long lifespan, high potential of integration, and miniaturization.
In the past few years there have been many studies related to the flow and heat transfer characteristics of ionic wind and the development of ionic wind or EHD pumps. Moreau and Touchard [1] experimentally investigated the influence of different parameters, including the polarity, the electrode geometry, the distance between electrodes, and the diameter of the tube, on the characteristics of ionic wind, and they found that the air speed generated from positive corona discharge is higher than negative one. Kasayapanand [2] [3] [4] [5] conducted a series of numerical simulations of electric field effect on natural convection of air, and the results showed that the natural convection heat transfer of air could be greatly enhanced. Mahmoudi et al. [6] experimentally and numerically investigated the natural convection heat transfer of an isothermal horizontal cylinder under the electrical field, and a blade edge emitter electrode was used. It was found that the enhancement of heat transfer through the corona discharge is stronger for lower Ra numbers. Go et al. [7] discussed the local heat transfer enhancement by inducing ionic wind in the existing bulk flows. The experiment data and multiphysics simulation results showed that the ionic wind could distort the bulk flow boundary layer and more than twofold enhancement of local heat transfer coefficient was achieved. Go et al. [8] also performed an experimental measurement of heat transfer enhancement of a flat plate 2 Mathematical Problems in Engineering by ionic wind. The infrared images showed that the local heat transfer coefficient is increased by more than two times compared with those obtained from bulk flow only. And they also presented analytical derivation and experimental results to prove that the heat transfer coefficient should be related to the fourth root of the corona current. Ahmedou and Havet [9] studied the heat transfer process under high voltage in the channel by means of numerical simulation. The results showed that different combinations of electrodes and applied voltages can generate similar flow, and a reasonable arrangement can enhance the heat transfer up to 10 times. Pour and Esmaeilzadeh [10] experimentally investigated the convective heat transfer enhancement of a cylindrical heat source by using EHD actuator in a duct. They found that the electric field is more effective for the heat transfer enhancement at low Reynolds number. Alamgholilou and Esmaeilzadeh [11] performed an experimental study on the heat transfer enhancement on ribs in a rectangular duct by using passive, active, and compound methods with application of corona wind. The results indicated that the compound method for lower Reynolds number has higher efficiency of enhancement. A kind of EHD miniature solid-state fan was presented by Schlitz and Singhal [12] . The fan has thickness of 1 mm and no moving parts, but the wind velocity could reach up to 1.6 m/s. The authors intended to integrate the fan into an integrated, chip-scale cooling system or to replace the blower in a laptop cooling system. Jewell-Larsen et al. [13] successfully integrated the EHD cooling system into a laptop computer and compared the EHD cooling system with the traditional fan cooling system. They found that the EHD cooling system possesses higher heat transfer performance, lower energy consumption, and less noise. Jewell-Larsen et al. [14] also discussed the effects of dust accumulation in the EHD cooling system and presented a numerical model of the dust deposition.
To further strengthen the ionic wind, some researchers focus on the utilization of multielectrodes or multistage discharge structures. Huang et al. [15] presented an experimental study on four kinds of needle-arrayed electrodes combined with a plate fin heat sink, and the results showed that the negative corona has a lower threshold voltage and a better performance compared with the positive one. The enhancement ratio was around 3 to 5 for moderate test condition. Tirumala and Go [16, 17] proposed a multicollecting electrodes method to establish the miniaturized EHD cooling system, which could greatly improve the effectiveness of heat transfer due to the increasing of the current. Zhang and Lai [18] investigated the relation between the electrode number and EHD gas pump performance using experimental measurements and numerical simulations. They concluded that when applied voltage is lower than 24 kV, the negative corona can produce velocity and volume flow rate higher than positive corona, and this trend will be reversed at a higher applied voltage. The proposed EHD gas pump with 4 emitting electrodes can induce more flows than others at low voltages and it is more effective than most conventional fans. Mazumder and Lai [19] also proposed an EHD pump with two-stage, and the maximum performance of 34 L/s can be achieved by using totally 56 electrodes with 0.5 inch wide grounded plate in each stage. However, in this study only positive corona discharge was considered. In [20] Wang et al. described the breakthrough in the development of electrostatic fluid accelerators (EFA) and its applications in the microelectronics cooling. Comparisons between EFAs' performance and those of other airside cooling technologies were also presented. It was concluded that EFAs have great potential becoming a novel and performance-improved airside thermal management solution for advanced microelectronics.
Given the above, it can be seen that a major part of studies is based on experiment tests, which can provide reliable test data, but is costly and time consuming. With the development of computer technologies and multiphysics simulation methods, numerical simulation begins to play a more important role. Compared to experiment, numerical simulations can provide more detailed information at much lower cost. The numerical simulation methods for the flow and heat transfer characteristics of ionic wind are still in progress. Most of the numerical studies mentioned in the literature above adopt two dimensional models, which are far away from the practical situation. The numerical methods of some researches are not clearly illustrated, especially for the determination of the space charge. Moreover, some simulation results even lack validation with experimental data. All of these motivate the present studies.
In this paper, a 3-dimensional needle-plate model will be established by using commercial code COMSOL Multiphysics. The establishment of the numerical model and the numerical method will be given in details. To verify the reliability of the numerical method, the numerical results will be compared with the experimental results from open literatures. The influence of different factors, including the voltage, the distance between the two electrodes, and the size of the ground plate on the heat transfer, will be discussed.
Theoretical Analysis and Equations
Governing equation for electric field is as follows:
where is charge density, 0 is dielectric permittivity, and the relation between voltage and electric field intensity ⃗ is
The current continuity equation is
where electric current density ⃗ is described as
The three terms on the right side of the equation are expressed as charge conduction (the ion movement relative to the overall flow under the electric field), charge convection (charge movement generated by the air flow), and charge diffusion (thermal motion of charge), respectively. The ionic mobility is 2 × 10 −4 for positive voltage and 2.7 × 10
for negative voltage. And the first term on the right side contributes the most in the equation.
As the speed of ions is considerably higher than the speed of air flow, the influence of air flow on ionic movement could be ignored; that is, the influence of air velocity on current density could be ignored. Furthermore, the diffusion coefficient of ionic is so small that it can be also ignored. Thus, the electric current density in present study can be simplified as
The mass conservation equation is
where ⃗ is velocity. The momentum equation is
where is the density of the air, is pressure, and → is the electric field force given by
The first term on the right side of the equation is Coulomb force. The second term is called dielectrophoretic force generated by the change of dielectric constant space. The third term is electrostrictive force, which is the gradient force due to the change of the dielectric constant and is caused by the different density. In this paper the working fluid is air, and among all the forces the Coulomb force is the majority. The electric field force can be simplified as
The energy equation is
where is temperature, is the specific heat, and is the joule heat generated by the movement of the ionic:
3. Methodology
Determination of Space Charge.
Generally, there are two ways to determine the distribution of space charge in the simulation of ionic wind. The first one is to calculate the ionization zone (close to the corona electrode and in which air ionization occurs) and drift zone (located between the ionization zone and the ground electrode) at the same time and then analyze the motion of microscopic particle to calculate the detailed distribution of space charge. The second one is to calculate the drift region only by assuming a charge density value at the interface crossing the ionization zone and the drift area. The latter method is mostly adopted in numerical studies of ionic wind for the reason that, in the area of convection heat transfer, the major task is to investigate the macroscopic heat transfer phenomena in the drift region. Moreover, this kind of method can also avoid the difficulties in the simulation of ionization zone. Careful attention needs to be paid on how to determine the charge density at the interface crossing the ionization zone and the drift area. In this paper, a method of try and error iteration is used. Firstly, a guessed charge density at the external surface of ionic zone is given to calculate the current, and the calculated intensity of electric current should be around the level of A to mA. Then the current value will be compared with the experimental data. If the error is reasonable the assumption of charge density will be proved to be rational; if not, then repeat the prediction and validation process. The error in present study is controlled by
In many cases, the experiment data is not available in advance and it is costly and time-consuming to obtain experimental data for the validation of every simulation case. Therefore, an empirical formula is adopted to calculate the current for needle-plate discharge structure when the experimental data are not available. The empirical formula is as follows [21] :
where is inception voltage. According to Peek's semiempirical formula [22] ,
where 0 is breakdown electric field intensity, is distance between two electrodes, and is radius of the needle electrodes.
Solution Procedure.
The solution procedure of this paper is shown in Figure 1 . First of all, the Poisson equation and the current continuity equation are solved with the assumption of the boundary condition of the space charge. When the calculated current is proved to be reasonable, put the electric force into the momentum equation to obtain the flow field distribution. Finally, solve the energy equation and obtain the heat transfer results. method. The calculation model is shown in Figure 2 . For the simplification of the simulation, heat conduction of the ground electrode is not considered, and the thickness of the ground electrode is ignored. The boundary conditions are shown in Figure 3 and Table 1 , where A indicates the needle electrode, B indicates the ground electrode, C is the surface where the needle electrode located, and D represents the sides of the model.
Validation the Simulation Method
Assumptions are made in this paper as follows according to the numerical studies done by other authors in the past [2-5, 20, 21, 24] : the high voltage is stable and positive, the ionic mobility is constant, the influence of ion diffusion and the influence of the magnetic field are ignored, the influence of humidity of air is ignored, and the density of the space charge is zero at the inlet and outlet of model to ensure a well-posed problem.
The physical parameters used in the simulation are shown in Table 2 .
Validation of Numerical Model

Grid Independent Test.
By adjusting the density of grids in COMSOL Multiphysics, five grid systems with 36446, 71682, 133341, 336238, and 823603 cells are adopted for calculation. The difference in the average heat transfer coefficient between last two grid systems is around 1%, as shown in Figure 4 . So the fourth grid system is taken for the computation (see Figure 5) .
The electrostatic field distribution, space charge distribution, velocity field distribution, and temperature field distribution can be found in Figure 6 . The larger velocities toward the ground plate (see Figure 6 (c)) around the needle electrodes can be observed due to the high density of electric field in this region (see Figures 6(a) and 6(b) ). Therefore, the higher temperature gradient at the central area of the ground plate can be found in Figure 6 (d), which means that the ionic wind is more efficient for the requirements of local cooling.
Validation of Current.
The current value based on the simulation results can be derived by
where is electric field intensity on the ground electrode. Figure 7 presents the simulation current values of this paper and the experimental data from literature [23] for the voltage of 4.5 kV, 5 kV, 6 kV, and 7 kV, respectively. The maximum deviation between the simulation results and the experiment results is around −3.3%. Thus, the numerical method for the electric field calculation is proved to be reliable. 
The average convection heat transfer coefficient is expressed as
As shown in Figure 8 , the results of the average heat transfer coefficient which were obtained from the simulation agree well with the experimental data from [23] . And the maximum deviation is around −3.5%. This verifies the accuracy of the present numerical method.
Results and Discussion
Numerical Model.
The physical models discussed in following parts are similar to the validation model. Based on the consideration of ongoing trends of microminiaturization of the ionic wind devices, smaller plate is employed in the simulation. Besides, considering the convenience of manufacture, the radius of the needle electrode is at the level of micrometer scale. Most of the boundary conditions of the models are the same as the validation model. The only difference is that the constant temperature condition is changed to constant heat flux condition for the plate, and the heat flux is 10 4 W/m 2 . Heat transfer enhancement ratio Γ is induced to illustrate the effectiveness of the heat transfer, which is defined as
where ℎ EHD is the average convection heat transfer coefficient under electric field, ℎ free is the average convection heat transfer coefficient under natural convection, and the value of ℎ free is taken as 10 W/m 2 ⋅ K. 
Effect of Voltage on Heat
Transfer. In this section six different voltages are investigated, including 4 kV, 4.5 kV, 5 kV, 6 kV, 7 kV, and 8 kV. The geometric dimension of the plate is 5 mm × 5 mm. The distance between two electrodes is 5 mm. And the radius of the needle electrode is 8 × 10 −3 mm. As shown in Figure 9 , the average heat transfer coefficient and the maximum velocity increase significantly with the improvement of the voltage; for example, the average heat transfer coefficient increases from 86.05 W/m 2 ⋅ K at the voltage of 4 kV to 133.74 W/m 2 ⋅ K at the voltage of 8 kV. Higher applied voltage generates higher density of electric field and higher ionic wind velocity and then results in higher convection heat transfer coefficient. However, the 
Effect of Distance between Two Electrodes on Heat Transfer.
In this section the effect of the distance between the needle electrode and the ground electrode on heat transfer will be discussed. Five different distances including 3 mm, 4 mm, 5 mm, 6 mm, and 7 mm are considered. The geometric dimension of the plate is 5 mm × 5 mm. The applied voltages are 6 kV, 7 kV, and 8 kV. The radius of the needle electrode is 8 × 10 −3 mm. The change of the average convection heat transfer coefficients with the variation of the distance between two electrodes is shown in Figure 10 . It can be observed that the Mathematical Problems in Engineering convection heat transfer increases with the decrease of the distance at the same applied voltage. The main reason is that the smaller distance between the two electrodes could lead to the increase of current (see Figure 11 ) and the speed of ionic wind (see Figure 12) . The higher speed of the ionic wind results in the improvement of convection heat transfer coefficient. In addition, the heat transfer coefficients at the distance of 3 mm with the voltage of 6 kV are quite close to the heat transfer coefficients at the distance of 4 mm with the voltage of 8 kV. This implies that different combinations of distances between electrodes and applied voltages can produce similar ionic wind cooling effect.
Effects of Plate Area on Heat Transfer.
With fixed applied voltage (7 kV), fixed distance between two electrodes (4 mm), and fixed radius of the needle electrode (8 × 10 −3 mm), the influence of the plate area on the heat transfer is shown in Figure 13 .
It can be found that the heat transfer coefficient decreases with the increase of the plate area (4 mm × 4 mm, 5 mm × 5 mm, 6 mm × 6 mm, and 8 mm × 8 mm). One reason is that the increase of plate area leads to the decrease of the density of electric field, which decreases the velocity of ionic wind as shown in Figure 13 . Another reason is that the flow boundary layer thickness and thermal boundary thickness increase along with the increase of the length of plate, which results in the decrease of the heat transfer performance along the length of the plate and therefore causes the smaller average heat transfer coefficient. This trend can be seen from Figure 14 . the applied voltage is kept as 7 kV, and the ratios between the length of the square plate and the distance of two electrodes are 0.5, 1.0, and 1.5, respectively. As shown in Figure 15 , smaller ratio leads to better heat transfer performance. The maximum heat transfer enhancement ratio Γ could reach up to 22. At the fixed distance between two electrodes, the smaller ratio between the length of the plate and the distance of two electrodes means the smaller plate area, which can lead to better heat transfer performance as discussed in Section 5.4.
Effects of Ratio between the Length of the Plate and the
Effects of Different Combinations of Distances between
Two Electrodes and Applied Voltages on Heat Transfer. In Figure 16 , examples for different combinations of distance between two electrodes and applied voltage with similar heat transfer enhancement ratios are presented. As shown in Figure 16 , the combination which has smaller distance between two electrodes needs lower applied voltage to achieve the same heat transfer enhancement ratio (Γ ≈ 16) as the combination which has the lager distance between two electrodes. It also can be observed in Figure 17 that under the same heat transfer enhancement ratio the electric power ( = ) consumed by the device with smaller distance between two electrodes and lower applied voltage are less than the devices with larger distance and higher applied voltage. It obviously demonstrates that the smaller ionic wind device has more advantages on the operation voltage and energy saving than the larger one, and the smaller ionic wind device is more suitable for the requirement of the local cooling of miniaturized and portable equipment. 
Conclusions
According to present study, the following main conclusions can be reached.
(1) The voltage is one of the main factors for the convection heat transfer under electric field, and the effectiveness of heat transfer is increased with the improvement of the voltage.
(2) The effectiveness of heat transfer increases with the diminution of the distance between the two electrodes and the area of the grounding plate. The smaller size is better for local ionic wind cooling under the same conditions.
(3) The smaller size ionic wind cooling device needs lower operation voltage and electric energy consumption to get higher heat transfer capacity. This provides an important theoretical support for the potential of the miniaturization of ionic wind devices and the application of ionic wind devices in the miniaturized and portable equipment.
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